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Thermally activated diffusion of copper into amorphous carbon
Abstract
Using x-ray photoelectron spectroscopy, the authors characterize the thermally activated changes that occur
when Cu is deposited on amorphous carbon supported on Si at 300 K, then heated to 800 K. The authors
compare data for Cu on the basal plane of graphite with pinning defects, where scanning tunneling
microscopy reveals that coarsening is the main process in this temperature range. Coarsening begins at
500–600 K and causes moderate attenuation of the Cu photoelectron signal. For Cu on amorphous carbon,
heating to 800 K causes Cu to diffuse into the bulk of the film, based on the strong attenuation of the Cu
signal. Diffusion into the bulk of the amorphous carbon film is confirmed by changes in the shape of the Cu 2p
inelastic tail, and by comparison of attenuation between Cu 2p and Cu 3p lines. The magnitude of the
photoelectron signal attenuation is compatible with Cu distributed homogeneously throughout the
amorphous carbon film, and is not compatible with Cu at or below the C–Si interface under the conditions of
our experiments. Desorption is not significant at temperatures up to 800 K.
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Using x-ray photoelectron spectroscopy, the authors characterize the thermally activated changes
that occur when Cu is deposited on amorphous carbon supported on Si at 300 K, then heated to
800 K. The authors compare data for Cu on the basal plane of graphite with pinning defects, where
scanning tunneling microscopy reveals that coarsening is the main process in this temperature
range. Coarsening begins at 500–600 K and causes moderate attenuation of the Cu photoelectron
signal. For Cu on amorphous carbon, heating to 800 K causes Cu to diffuse into the bulk of the
film, based on the strong attenuation of the Cu signal. Diffusion into the bulk of the amorphous car-
bon film is confirmed by changes in the shape of the Cu 2p inelastic tail, and by comparison of
attenuation between Cu 2p and Cu 3p lines. The magnitude of the photoelectron signal attenuation
is compatible with Cu distributed homogeneously throughout the amorphous carbon film, and is
not compatible with Cu at or below the C–Si interface under the conditions of our experiments.
Desorption is not significant at temperatures up to 800 K.VC 2017 American Vacuum Society.
[http://dx.doi.org/10.1116/1.4991519]
I. INTRODUCTION
The interaction of Cu with carbon-rich surfaces, at tem-
peratures above ambient, is relevant to potential applications
that include catalysis and microelectronics.1–3 In this paper,
we are interested in the interaction of Cu with amorphous C
(a-C), and the question of whether Cu can diffuse into films
of this material at elevated temperatures. This issue is ger-
mane to two areas: diffusion barriers for microelectronics
and nanowire growth.
In microelectronics, Cu has been considered as a possible
replacement for Al in interconnects and bond pads.
Consequently, conductive diffusion barriers have been
sought to prevent intermixing between Cu and Si,3 and thus
protect the electronic properties of the semiconductor. One
report indicated that a-C was a promising barrier, because a
layer as thin as 13.5 nm prevented Cu from diffusing into Si
at a temperature as high as 770 K.4 In contrast, another study
concluded that a much thicker a-C layer (100 nm) became
ineffective already at 670 K.5 A later publication showed
that detection of a barrier failure can be difficult, due to the
high solubility and rapid diffusion of Cu in bulk Si,6 which
casts doubt on the first report and may explain the apparent
contradiction.
In the area of nanowires, deposition of Cu (and also other
materials) via physical vapor deposition onto an a-C film
supported on Si at an elevated temperature can produce
defect-free metal nanowires with high density and very high
aspect ratios.7–12 Transmission electron microscopy revealed
copper silicide in the Si support, indicating that diffusion of
Cu into or through a-C was associated with nanowire
growth.8
In this paper, we investigate two carbon-rich surfaces on
which Cu is deposited at room temperature, followed by
heating in vacuum. The two C surfaces are highly oriented
pyrolytic graphite (HOPG), which serves as a model and a
benchmark, and a 15 nm film of a-C supported on Si. The
a)Present address: Mantis Deposition, Inc., 10200 E. Girard Ave, Denver,
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thickness of the a-C film, and the nature of its support,
makes it relevant to both of the applications described ear-
lier. Data from the graphite model help us to interpret data
for a-C.
Several thermally activated processes are viable in these
two systems. The first, mentioned earlier, is diffusion of Cu
into or through the carbon-rich support. Others are desorp-
tion of Cu and coarsening of Cu clusters. Reaction of Cu to
form carbides or intercalation compounds of Cu is unlikely
since these products are not known in the bulk.13–16
Two prior works are relevant. In the first, we studied Cu
deposition on HOPG at room temperature.17 We found that
three-dimensional Cu clusters nucleated on HOPG terraces,
but only under conditions where a small fraction (0.05%) of
the metal flux was ionized by the electron beam source.
These Cu ions produced defects in the HOPG and thereby
promoted heterogeneous nucleation on terraces. In the pre-
sent work, the same conditions are used since they allow us
to prepare Cu clusters on HOPG terraces (and, in particular,
to observe their coarsening), which would not be possible
otherwise. In turn, this is valuable in using HOPG as a model
for a-C.
In the second relevant paper, Arthur and Cho18 conducted
temperature programmed desorption and modulated molecu-
lar beam scattering experiments to determine the adsorption
and desorption dynamics of Cu on graphite. Deposition con-
ditions were such that no ion damage occurred. Cu desorp-
tion became measurable near 900 K at a heating rate of
10 K/s, and the peak desorption temperature was 1025–1125 K
for coverages of a few thousandths to a few hundredths of a
monolayer. The desorption kinetics were consistent with Cu
desorption from Cu islands. The work described in Ref. 17
indicates that these Cu islands were likely located at step
edges.
II. EXPERIMENT
Cu was deposited on the carbon substrates at 300 K in
ultrahigh vacuum (UHV), then heated incrementally for 15
min at each temperature, and characterized with scanning
tunneling microscopy (STM) or x-ray photoelectron spec-
troscopy (XPS) after cooling from that temperature. All
STM images were taken at 300 K in constant current mode
unless specified otherwise. Unless noted otherwise, XPS was
conducted in the same chamber, using an Omicron system
with an Mg anode. Spectrum processing was done using
CASAXPS software.19 Prior to Cu deposition, carbon substrates
were heated at 800 K for >10 min in UHV. Other experi-
mental details for STM, and for the UHV chamber which
housed both STM and XPS, are available elsewhere, includ-
ing conditions of Cu deposition and method of Cu coverage
determination.17
The a-C films were prepared via closed-field, DC magne-
tron sputtering in a Kurt J. Lesker CMS-18 system with a
base pressure in the range 108 mbar and a working pressure
of 7 mbar. The target was graphite, and the substrate was at
ambient temperature during deposition. The substrate was p-
doped Si(111), which was Ar-ion-etched to remove the oxide
prior to C deposition.
To estimate the thickness of the a-C film, we employed
scanning electron microscopy and energy-dispersive spec-
troscopy to experimentally measure the intensity of the x-ray
signals. We compared those with intensities predicted from
Monte Carlo simulations using CASINO (version 2.48).20
Experimentally, a beam of 3 keV electrons was used to
excite the sample, and the integrated intensities of the fluo-
resced C Ka and Si Ka x-rays were measured, and the C to
Si intensity ratio was determined. In CASINO, we defined the
sample as a film of C on top of a Si substrate and simulated
C and Si Ka x-ray intensities for various film thicknesses.
We found that 15 nm of C on Si yielded a C:Si ratio closest
to the measured values.
The XPS spectrum of an a-C film is shown in Fig. 1.
Unlike other XPS data shown in this paper, this spectrum
was obtained in a different chamber, using an Al anode. It is
known that a-C is a mixture of sp2 and sp3-hybridized car-
bon.21 As a pure sp2 reference, we used HOPG, and as a
pure sp3 reference, we used diamond microparticles (precipi-
tated from a polishing emulsion and dried at 400 K in air to
remove solvent). C 1s peaks were at 284.7 and 285.4 eV,
respectively. The C 1s peak of a-C, at 284.8 eV, was slightly
wider than either reference. Fitting this with the two referen-
ces, as shown in Fig. 1, revealed 71% sp2 and 29% sp3 char-
acter. This is consistent with the literature, which shows that
magnetron-sputtered carbon is typically 70%–95% sp2.21,22
III. RESULTS AND INTERPRETATION
A. Thermally activated processes on HOPG
Surfaces are prepared by depositing Cu on the graphite
surface at 300 K. Under the chosen conditions, most Cu
islands nucleate at, and are pinned by, small surface defects
produced by the metal ions in the metal flux.17 Figure 2
shows a series of STM images after depositing 1.1 mono-
layer of Cu at 300 K, then annealing the sample at different
temperatures to a maximum of 800 K. Qualitatively, one can
see that the number density of islands on terraces decreases,
FIG. 1. (Color online) 1s spectrum of a-C, fitted with the C 1s spectra of
HOPG (sp2 reference) and diamond (sp3 reference).
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and the size of islands increases, between 500 and 600 K.
This is evaluated more quantitatively in Fig. 3, where island
density is plotted versus temperature, for three different ini-
tial densities. We choose image sizes that allow us to resolve
islands of 2 nm or above, and simultaneously obtain reason-
able counting statistics. (We count islands from multiple
images of the same coverage after annealing at a certain tem-
perature to obtain reliable statistics.) There are also occa-
sions where Cu islands are displaced by the scanning tip and
appear to be truncated (see the circled island in Fig. 2).
Special care has been taken to avoid double counting. At the
lower two initial island densities, Cu islands are stable to
about 600 K, and then the density falls. At the higher initial
density, the upper limit of stability is about 500 K. These
temperatures, 500–600 K, are too low for Cu desorption,
based on the work of Arthur and Cho,18 so we attribute the
changes solely to coarsening. It is physically reasonable that
the coarsening onset should shift to lower temperatures with
increasing island density, as it does in Fig. 3. It is also worth
noting that upon heating, besides the coarsening that occurs
as shown in Fig. 2, a significant portion of the Cu diffuses on
the terrace and eventually attaches to step edges of the
HOPG substrate.
It is also useful to determine whether desorption is opera-
tive at 800 K under the conditions of our experiments. While
Arthur and Cho18 reported the onset of desorption at 900 K
for lowest Cu coverage, their thermal program was much dif-
ferent than ours. They heated the surface continuously at a
rate of 10 K/s, whereas we maintain a given surface tempera-
ture for a period of 15 min. One expects the effects of
desorption to appear at lower temperature under our
FIG. 2. (Color online) STM images following deposition of Cu on HOPG and annealing. The Cu coverage is one monolayer. An island displaced by the scan-
ning tip appears truncated, as indicated by the white circle.
FIG. 3. Island density vs annealing temperature in three separate experi-
ments, for Cu/HOPG. The Cu coverage, from top to bottom, is 1.1, 0.2, and
0.1 monolayers.
FIG. 4. Cu 2p3/2 XPS peak areas vs total annealing time, for one monolayer
of Cu deposited on HOPG at room temperature and annealed at 800 K.
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conditions, so desorption at 800 K in our experiments cannot
be excluded a priori.
This issue is addressed by the XPS data of Fig. 4, showing
the integrated intensity of the Cu 2p3/2 peak after deposition
of 1.3 Cu monolayers on HOPG at 300 K, and after three
cycles of annealing at 800 K. The first annealing cycle
causes the intensity to drop to 65% of its initial value, while
subsequent annealing cycles induce very small decreases
(<5%). Based on the STM observations of Fig. 2, we can
attribute the large initial decrease in XPS signal to coarsen-
ing. Because this entails an evolution to larger three-
dimensional particles, there is an increase in (average) Cu
photoelectron attenuation. The fact that the XPS signal is
very stable after the first cycle indicates that the Cu distribu-
tion is stable at this temperature and, in particular, that the
rate of loss of Cu from desorption is negligibly small.
To summarize, coarsening begins at 500–600 K, for a
distribution of Cu clusters pinned at defects on graphite
terraces. This means that for these temperatures (and for
annealing times on the order of tens of minutes), Cu atoms
detach from Cu clusters and diffuse significant distances
over the graphite surface. At 800 K, the surface is stable after
coarsening is complete. In particular, it is stable against
desorption on a timescale of tens of minutes.
B. Thermally activated changes in Cu on a-C
Cu is deposited on a-C to a coverage of 1 monolayer at
300 K and heated to 800 K. Figure 5(a) shows the x-ray photo-
electron (XP) spectra before and after heating. Heating
reduces the XPS signal of Cu 2p3/2 to about 4% of its initial
value. Thus, the Cu has almost entirely disappeared from the
a-C surface. We expect a relatively high density of under-
coordinated or strained sites at the a-C surface, where binding
is stronger for Cu than on terrace sites of HOPG. Therefore,
desorption is even more unlikely for Cu on a-C than on
HOPG at 800 K. The only remaining possibility is that Cu is
lost via diffusion into the a-C film. [For comparison, Fig. 5(b)
also shows the result of the equivalent experiment with Cu/
HOPG, where 65% of the Cu signal remains after heating.]
This interpretation is supported by the change in the XP
spectrum after heating, shown in the lower half of Fig. 6. A
higher inelastic tail in the Cu 2p region indicates a different
morphology of the Cu film.23,24 The inelastic tail changes in
this way because when Cu diffuses into the a-C layer, Cu 2p
photoelectrons experience more inelastic scattering with the
surrounding atoms (i.e., more kinetic energy loss).
Therefore, intensity shifts to the left, causing a rising inelas-
tic tail. By comparison, in the case of Cu/HOPG, no inelastic
tail change is found (Fig. 6 upper half), indicating Cu is still
on the surface after heating. This is consistent with the inter-
pretation of coarsening.
Additional evidence for Cu diffusion into the bulk comes
from comparing the Cu 2p intensity loss with that of the Cu
3p (data not shown). Cu 2p photoelectrons have a much
lower kinetic energy of 321 eV compared to Cu 3p at
1178 eV. Therefore, Cu 3p photoelectrons have a larger
inelastic mean free path in a-C. As a result, intensity loss for
Cu 3p should be less than for Cu 2p. Indeed, the Cu 3p inten-
sity that remains after heating is about 8% of its initial
value—twice the intensity remaining for Cu 2p (4%).
On the other hand, for Cu/HOPG, the Cu 3p intensity is
reduced to 64% of its initial value, similar to that which
remains in the Cu 2p region (65%). The fact that the signal
attenuation behavior is independent of photoelectron kinetic
energy, again confirms that Cu remains on the HOPG sur-
face, and this is consistent with coarsening.
Finally, one can ask whether, after heating Cu/a-C to
800 K, Cu remains in the a-C film or has moved entirely to
or into the Si support. This can be tested with quantitative
FIG. 5. (Color online) XP spectra of Cu 2p3/2 peak after annealing at 800 K,
for (a) a-C and (b) HOPG.
FIG. 6. (Color online) XP spectra showing changes after heating. All curves
are normalized to the Cu 2p3/2 peak at 932.8 eV. (a) The curves represent
Cu/HOPG, and they overlap completely. (b) The curves represent Cu/a-C.
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evaluation of the XPS attenuation. We define the initial XPS
signal intensity for Cu at the a-C surface as I0 and the inten-
sity after heating as I. If all of the Cu lies below a 15 nm
carbon film after heating, the ratio is given by I/I0
¼ exp(15 nm/kcos a). Here, k is the inelastic mean free
path, and a is the take-off angle, which is 0 for our appara-
tus. The value of k depends on the photoelectron kinetic
energy, as well as the nature of the attenuating material. The
k values are 0.75 and 1.20 nm for diamond and glassy carbon
for Cu 2p photoelectrons and 1.9 and 3.1 nm for Cu 3p photo-
electrons, respectively.25 From this, the predicted I/I0 is of
order 106 for Cu 2p and 103 for Cu 3p, meaning that there
would be no observable Cu signal after heating. On the other
hand, if the Cu is distributed uniformly throughout the a-C
film after heating, we estimate the value of I/I0 as follows. We
define the initial Cu concentration on the a-C surface as 1 and
assume an interlayer spacing of the a-C film of d?. As will be
shown below, the value of I/I0 is independent of choice of d?
value. The number of layers of the a-C film is 15/d? and the














We use 1 nm for Cu 2p photoelectrons and 2 nm for Cu 3p
photoelectrons. As a result, I/I0 0.06 is predicted for Cu 2p
and 0.13 for Cu 3p, respectively. These values are reason-
ably close to the experimental values of 0.04 and 0.08.
Heterogeneous spatial distributions could also be constructed
that would be compatible with the observed I/I0, but any that
involve significant concentration of Cu at the C–Si interface
or below, would require a compensating concentration of Cu
near the a-C surface. It would be difficult to rationalize such
a bimodal spatial distribution. Hence, we conclude that most
of the Cu resides in the a-C film and is uniformly distributed
through the film, under the conditions of our experiments.
IV. DISCUSSION
Our characterization of thermally activated changes in
defect-pinned Cu islands on HOPG leads to two main conclu-
sions. First, the onset of coarsening is at 500–600 K, and this
surface rearrangement causes a moderate decrease in XPS sig-
nal intensity. Second, Cu/HOPG is stable against desorption
at least up to 800 K, on a timescale of tens of minutes. Both
observations apply to coverages of about one monolayer.
These observations, in turn, allow interpretation of the
changes in XPS intensity that occur when one monolayer of
Cu, adsorbed on 15 nm-thick a-C, is heated to 800 K.
Heating causes a severe decrease in XPS signal intensity,
which cannot be attributed either to coarsening or to desorp-
tion. Coarsening can be ruled out because the magnitude of
the change in signal intensity is too large. Desorption can be
ruled out on the basis that it does not occur on HOPG at this
temperature. Therefore, Cu must disperse into the bulk.
Diffusion into the bulk is confirmed by changes in the shape
of the Cu 2p inelastic tail, and by comparison of attenuation
between Cu 2p and Cu 3p lines. The magnitude of the XPS
signal attenuation is compatible with Cu being distributed
homogeneiously in the a-C film, rather than aggregating at
the C–Si interface or diffusing into Si, under the conditions
of our experiments. However, a Cu-Si compound or solid
solution may form under different experimental conditions
such as higher Cu coverage or different thermal programs,
based on the prior work noted in Sec. I.5,8
Understanding the fundamental diffusion mechanism and
energetics of Cu in a-C that underlay these observations
would require more detailed studies, but some relevant factors
can be discussed. First, it is known that a-C films with high
sp2 content (cf. Fig. 1), prepared by magnetron sputtering, are
less dense than crystalline forms of C.22 This suggests that
there are low-density regions where metal atoms may diffuse
without breaking or rearranging C–C bonds, and this may
facilitate Cu diffusion in the a-C film. Second, Cu atoms
would interact strongly with any under-coordinated C atoms
in a-C, which we will refer to as defect sites. We expect
defect sites to be relatively common in a-C, both in the bulk
and at the surface. Supporting the idea of strong Cu interac-
tion with under-coordinated C atoms, density functional the-
ory calculations have shown that adsorption of Cu at HOPG
steps is far stronger than on terraces.17 Specifically, the
adsorption energy of a single Cu atom is 4.76 eV on the
(1–210) step, and 3.38 eV on the (10–10) step, both much
larger than the value of 0.59 eV for a Cu atom on the perfect
HOPG terrace. Another relevant configuration is a single- or
double-carbon-atom vacancy in a graphene sheet, where it has
been calculated that the binding energy of a Cu atom is 3 or
5 eV, respectively.26 Even stronger-binding sites could be pre-
sent in the bulk of a-C. Adsorption energies such as these are
typically larger than diffusion barriers between equivalent
sites, and stronger adsorption correlates with higher diffusion
barriers. Thus, a diffusion barrier of 1–2 eV between defect
sites may not be surprising.
We propose the following model. The potential energy
surface for both binding and diffusion of Cu, on and in a-C,
is highly irregular and diverse. At 800 K, Cu can diffuse
into the bulk, perhaps especially through low-density regions
of a-C. As various sites are sampled, Cu atoms adsorb pref-
erentially at the highest-binding (defect) sites. These are
distributed throughout the bulk of the film, leading to a
homogeneous distribution of Cu.
A rough calculation shows that for an atom to diffuse a
distance of at least 15 nm (the film thickness) at 800 K in 20
min, the barrier cannot exceed 1.9 eV. This assumes a uni-
form diffusion barrier between equivalent sites. In our pic-
ture, the real system is much more complex, with a
distribution of both diffusion barriers and binding energies.
The value of 1.9 eV can be regarded as an upper limit on an
effective diffusion barrier for the real system. This value is
not unreasonable, in light of the magnitudes of the adsorp-
tion energies of Cu atoms at defect sites, discussed earlier.
V. CONCLUSIONS
When Cu is deposited on HOPG at 300 K and heated as
high as 800 K, there is a decrease in the island density
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measured with STM, and a moderate decrease in the XPS
signal from Cu. These are both attributed to coarsening of
clusters on terraces. Desorption is not significant at 800 K.
By contrast, when Cu is deposited on a-C at 300 K and
heated to 800 K, there is a much stronger attenuation of the
XPS signal from Cu, the degree of attenuation depends upon
the inelastic mean free path of the Cu photoelectron, and a
rising inelastic tail appears due to stronger inelastic scatter-
ing. All of these observations indicate that Cu is lost via dif-
fusion into the a-C substrate.
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